Abstract The Ranotsara shear zone in Madagascar has been considered in previous studies to be a [350-km-long, intracrustal strike-slip shear zone of Precambrian/Cambrian age. Because of its oblique strike to the east and west coast of Madagascar, the Ranotsara shear zone has been correlated with shear zones in southern India and eastern Africa in Gondwana reconstructions. Our assessment using remote sensing data and field-based investigations, however, reveals that what previously has been interpreted as the Ranotsara shear zone is in fact a composite structure with a ductile deflection zone confined to its central segment and prominent NW-SE trending brittle faulting along most of its length. We therefore prefer the more neutral term ''Ranotsara Zone''. Lithologies, tectonic foliations, and axial trace trajectories of major folds can be followed from south to north across most of the Ranotsara Zone and show only a marked deflection along its central segment. The ductile deflection zone is interpreted as a result of E-W indentation of the Antananarivo Block into the less rigid, predominantly metasedimentary rocks of the Southwestern Madagascar Block during a late phase of the Neoproterozoic/Cambrian East African Orogeny (c. 550-520 Ma). The Ranotsara Zone shows significant NW-SE striking brittle faulting that reactivates part of the NW-SE striking ductile structures in the flexure zone, but also extends along strike toward the NW and toward the SE. Brittle reactivation of ductile structures along the central segment of the Ranotsara Zone, confirmed by apatite-fission track results, may have led to the formation of a shallow Neogene basin underlying the Ranotsara plain. The present-day drainage pattern suggests on-going normal fault activity along the central segment. The Ranotsara Zone is not a megascale intracrustal strike-slip shear zone that crosscuts the entire basement of southern Madagascar. It can therefore not be used as a piercing point in Gondwana reconstructions.
Introduction
The eastern two-thirds of the island of Madagascar consist predominantly of Precambrian to early Cambrian rocks. Most of these rocks have been reworked at high-grade metamorphic conditions during the East African Orogen (EAO of Stern 1994 ) that formed during assembly of the supercontinent Gondwana in late Neoproterozoic/early Paleozoic times (Stern 1994) . The Precambrian to early Cambrian rocks are the crystalline basement to late Carboniferous to Neogene sedimentary and volcanic sequences that were deposited during and after rifting and drifting of Gondwana since late Paleozoic times. It is widely accepted that Madagascar occupied a central position within the former supercontinent Gondwana (Fig. 1) , sandwiched between India and eastern Africa (e.g. Stern 1994; Lawver et al. 1999; Veevers 2001; Reeves et al. 2002 Reeves et al. , 2004 Collins and Windley 2002; MacDonald et al. 2003; Collins and Pisarevsky 2005; Collins 2006 ).
Constraints on a more precise paleoposition of Madagascar in the early Paleozoic are often inferred by correlating structural features in particular steeply dipping shear zones that formed prior to Gondwana break-up. In Madagascar, major zones with (sub)vertical foliation planes (Fig. 2) have been interpreted as ductile shear zones (e.g. Windley et al. 1994; Martelat 1998; Martelat et al. 2000; Nédélec et al. 2000 ) that formed at high-grade metamorphic conditions during the late stages of the East African Orogen (Nicollet 1990; Martelat et al. 1997; de Wit et al. 2001) . Although the steep ductile zones predominantly strike N-S (present-day coordinates), previous workers also postulated a NW-SE striking ductile shear zone that traverses the entire crystalline basement of southern Madagascar (e.g., Katz and Premoli 1979; Ackermand et al. 1989; Martelat 1998 ). This zone is generally referred to as the Ranotsara shear zone, but has previously also been termed Ranotsara-Ranomena lineament (Katz and Premoli 1979) , Ranotsara shear belt (Ackermand et al. 1989) or Bongolava-Ranotsara shear zone (Caen-Vachette 1979; Martelat 1998; Lardeaux et al. 1997 Lardeaux et al. , 1999 Müller 2000) . It is generally regarded as a *20-km-wide intra-crustal strike-slip shear zone (Martelat et al. 2000) with a sinistral sense of shear (e.g. Nicollet 1990; Windley et al. 1994; Martelat et al. 1997; Martelat et al. 2000; de Wit et al. 2001 ) and an exposed length of about 350 km (Martelat et al. 2000) . Because of its oblique orientation with respect Reeves 2008, unpubl ., model CR09MZRJ.rot, which is an updated version of model reev519c published in Reeves et al. 2004) . Purple geometrically rigid Precambrian continental crust, white areas of continental crust that have been extended and lost from outcrop by rifting, dark grey zones with steep foliations that have been interpreted as ductile shear zones. Data from Madagascar compiled after Martelat (1998) , Martelat et al. (2000) , Nédélec et al. (2000) , and de Wit et al. (2001) ; data from southern India after Ghosh et al. (2004) and data from eastern Africa after Bonavia and Chorowicz (1993) , Mosley (1993) and Smith and Mosley (1993) , black location of the Ranotsara Zone. Ac Achankovil shear zone, Am Ampanihy shear zone, B-C Bhavani-Cauvery shear zone, Be Bereketa shear zone, EJ Ejeda shear zone, KKPT KarurKambam-Painavu-Trichur shear zone, M-A Moyar-Attur shear zone, P-C Palghat-Cauvery shear zone Fig. 2 Simplified geology of Madagascar (after Besairie 1969 /1970 and Collins and Windley 2002 . Superposed are major zones with subvertical foliation domains that have been interpreted as late Neoproterozoic/Cambrian ductile shear zones in earlier studies (compiled after Martelat 1998; Martelat et al. 2000; Nédélec et al. 2000; de Wit et al. 2001) . Am Ampanihy shear zone, Be Beraketa shear zone [referred to as Vorakafotra shear zone in Rolin (1991) and de Wit et al. (2001) ], An Angavo shear zone, Ej Ejeda shear zone, If Ifanadiana shear zone, Ra Ranotsara shear zone, Tr Tranomaro shearto the east and west coasts of the Malagasy microcontinent, a large number of studies have used the Ranotsara shear zone as a piercing point in Gondwana reconstructions.
The Ranotsara shear zone has been correlated with various ductile shear zones in southern India (Fig. 1 ), e.g., the Achankovil Shear Zone (Drury et al. 1984; Kriegsman 1993 Kriegsman , 1995 Paquette et al. 1994; Windley et al. 1994; Shackleton 1996; Windley and Razakamanana 1996; Martelat 1998; Rajesh et al. 1998; Rajesh and Chetty 2006) , the Palghat-Cauvery shear zone (de Wit et al. 1995; Janardhan 1999; Janardhan et al. 1997; Harris 1999) , the Bhavani shear zone (Katz and Premoli 1979; Agrawal et al. 1992) , and the Karur-Kambam-Painavu-Trichur shear zone (de Wit et al. 2001; Collins and Windley 2002; Ghosh et al. 2004) .
Different correlations have also been proposed for the extension of the Ranotsara shear zone into eastern Africa (Fig. 1) . Kriegsman (1993 Kriegsman ( , 1995 matches the Ranotsara shear zone with the Surma shear zone, whereas Shackleton (1996) and Müller (2000) trace the Ranotsara shear zone into the parallel Aswa shear zone (also known as AswaNandi shear zone). Windley et al. (1994) consider that both the Surma and the Aswa shear zones are viable candidates for an extension of the Ranotsara shear zone. Martelat (1998) , in contrast, suggests that the Mt. Kenya shear zone (also known as Athi-Ikutha shear zone) represents the lateral continuation of the Ranotsara shear zone.
Various authors interpret the Ranotsara shear zone not only as a megascale ductile shear zone, but also as a structure that divides the Malagasy crystalline basement into two very different parts (Tucker et al. 1999) , regions (Rambeloson 1999) , blocks (Katz and Premoli 1979) or terranes (Müller et al. 1997; Chetty et al. 2003) . According to Tucker et al. (1999) , the Ranotsara shear zone divides the Malagasy shield into a southern part underlain predominantly by Proterozoic rocks from a northern part consisting predominantly of Late Archean crust, with a variable but undetermined extent of Middle Archean crust. Rambeloson (1999) considers that the oldest rocks south of the Ranotsara shear zone are of Palaeoproterozoic and Mesoproterozoic age, whereas to the north of the Ranotsara shear zone the rocks are as old as Archean with the exception of the Proterozoic Itremo Group. According to Katz and Premoli (1979) the ductile shear zone separates a southern charnockitic block from a gneiss terrain to the north. Chetty et al. (2003) suggests that the Ranotsara shear zone is a terrane boundary separating a region with Neoproterozoic crust to the south from Archean crust to the north.
In this paper, we assess the nature and significance of the Ranotsara shear zone and adjacent areas in more detail using remote sensing data and field-based investigations, including structural, morphological, and apatite fission track studies. As we will show in the following, our results put the Ranotsara shear zone in a different perspective. Therefore, we prefer the more neutral term ''Ranotsara Zone'' and will only use the term Ranotsara shear zone if it is used as such in previous studies.
Regional setting
The Precambrian to early Cambrian high-grade metamorphic rocks of southern Madagascar (here referred to as ''basement'') are bordered to the east by a narrow strip of Cretaceous volcanics along the coast and to the west by late Paleozoic to Recent sedimentary and volcanic rocks of the Morondava Basin (Fig. 3) . In the far south of the island, the 4,000-km 2 Volcan de l'Androy complex represents a [2-km-thick sequence of interbedded basalt and rhyolite that erupted in Cretaceous times (Storey et al. 1995; Mahoney et al. 2008) . The thick white line in Fig. 3 marks the location of the NW-SE trending Ranotsara shear zone as proposed in earlier studies. It extends from the southeast coast toward the Morondava basin, passing close to the villages of Ranotsara and Ihosy with the Ranotsara plain just N of the Ranotsara Zone.
The finite strain pattern in the basement rocks of southern Madagascar is thought to reflect a polyphase deformation history (Rolin 1991; Martelat et al. 2000; de Wit et al. 2001) . Martelat et al. (2000) recognize two main phases of ductile deformation (D1 and D2): subhorizontal first-phase tectonic foliations with E-W stretching lineations are overprinted by D2 that is partitioned between a network of anastomosing vertical shear zones (including the Ranotsara shear zone with a proposed sinistral shear sense) and intervening fold domains. In this scenario, all major N-S striking shear zones in southern Madagascar and the NW-SE striking sinistral Ranotsara shear zone formed coevally during the second phase (D2) of transpressional deformation (Martelat et al. 2000) . Th-U-Pb monazite ages were used to bracket D1 at c. 590-530 Ma and D2 at c. 530-500 Ma (Martelat et al. 2000) . De Wit et al. (2001) , however, interpret the finite-strain pattern in southern Madagascar as the result of two phases of early simple shear deformation between 647 and 627 Ma, followed by shortening during a third phase (corresponding to D2 of Martelat et al. 2000) between 609 and 607 Ma that resulted in the formation of the prominent N-S high-strain zones (e.g. Ampanihy and Beraketa zones). De Wit et al. (2001) consider that ductile deformation along the sinistral Ranotsara shear zone occurred during a fourth phase at c. 550-520 Ma.
North of the Ranotsara Zone, two major geological domains can be distinguished: the Antananarivo Block (Kröner et al. 2000) to the east consisting predominantly of rocks of magmatic origin and the SW Madagascar Block comprising mainly Proterozoic metasedimentary rocks. The boundary between the two domains is marked by a tectonic contact, which can be traced over hundreds of km. The contact has an overall N-S orientation in central southern Madagascar, but turns into a more NW-SE orientation east of Ihosy as it extends toward the southeast coast. The contact between the two blocks remains north of the Ranotsara Zone (Fig. 2) .
Petrological studies indicate that most of the basement rocks north and south of the Ranotsara Zone have undergone regional granulite facies metamorphism (e.g., Ackermand et al. 1989; Nicollet 1990) . Early studies yielded temperature estimates at around 750 ± 50°C and decreasing peak pressures from 1 GPa in the west to 0.4 GPa in the east (Nicollet 1990; Martelat et al. 1997) . Later studies by Markl et al. (2000) , however, suggest that the basement rocks in southern Madagascar share a very similar P-T evolution, with an early HT/HP event at 880 ± 60°C at 0.8 ± 0.1 GPa and a later MT/MP event at 690 ± 40°C and 0.4 ± 0.1 GPa. Petrological studies and electron probe monazite dating of basement rocks near the Ranotsara Zone by Berger et al. (2006) reveal different monazite age populations. A population at c. 560-550 Ma is associated with granulite facies metamorphism (850-950°C and 1 GPa) that is probably related to crustal thickening. A younger population at c. 500-490 Ma is associated with a second metamorphic event at 650-730°C and 0.5 GPa, which is interpreted to be related to the D2 of Martelat et al. (2000) .
Exhumation of the basement rocks commenced in the Paleozoic and is evident at the margin of the southern part of the Morondava basin, where Carboniferous deposits (part of the Sakoa Group) rest unconformably on Precambrian basement rocks (Wescott and Diggens 1997) . Thermal modeling on the basis of apatite fission-track analysis suggests that parts of the basement in southern Madagascar close to the Morondava basin had already cooled to temperatures below c. 110°C in Devonian times (Seward et al. 2004) . Intracontinental rifting in the Morondava basin commenced in the early Permian and resulted in local pull-apart basins (Bremer 2005) . This rift system failed in the Late Triassic (Geiger et al. 2004 ). Based on sedimentological and seismic evidence from the Morondava Basin, Geiger et al. (2004) suggest that a shortlived episode of rifting in the Late Liassic (c. 175 Ma) was followed by continental separation and drifting of Madagascar from eastern Africa. In the Cretaceous, Madagascar separated from India. Widespread Cretaceous flood basalts along the eastern and western margins of Madagascar have been dated between c. 92 and 84 Ma (Storey et al. 1995; Torsvik et al. 1998) . Storey et al. (1995) propose that the thick lava pile at Volcan de l'Androy in southern Madagascar marks the center of the Marion hot spot at c. 88 Ma. They consider that this mantle plume was responsible for continental breakup, which separated India from Madagascar.
Since middle Miocene times, Madagascar has been undergoing east-west extension (Rakotondrampiana et al. 1999 ) and small sedimentary basins have formed that are bordered by north-south trending faults and filled with Neogene to Quaternary sediments, e.g., the Ankay-Alaotra basin in north-central Madagascar (Laville et al. 1998 ) and the basins in the central highlands (Ankaratra region) near Antsirabe (Lenoble 1949; Mottet 1978) . The flat-lying Ranotsara plain straddles the Ranotsara Zone to the northeast, extending from NW of Ihosy to ca. 30 km NW of Ranomena (Fig. 5) . The Ranotsara plain is underlain by poorly consolidated sediments and is considered to be an internal basin of Neogene age (Hottin 1976) . The sediments consist of laterized sandstones and sandy shales with intercalated layers of calcareous shales (Razafimanantsoa et al. 1972) . Madagascar is presently seismically active with most seismicity confined to the crust (Rambolamanana et al. 1997; Bertil and Regnoult 1998) . Seismicity is most frequent beneath the Ankaratra volcanic field in central Madagascar (Bertil and Regnoult 1998) . The ongoing extension in Madagascar has been tentatively linked to the East African rift system (Bertil and Regnoult 1998; Laville et al. 1998; Kusky et al. 2007) .
During its long and complex geological history, the presently exposed Precambrian basement of southern Madagascar has undergone both ductile and brittle deformations. Ductile deformation at high-grade metamorphic conditions dominated in latest Neoproterozoic to early Paleozoic times (Martelat et al. 2000; Berger et al. 2006) . Brittle deformation in the basement rocks of southern Madagascar may have started already in Devonian times and continues until today. In an attempt to better characterize the deformation in the Ranotsara zone and to separate the ductile deformation history of the region from the brittle deformation history, we applied remote sensing and field-based studies.
Remote sensing data
Remote sensing is a powerful tool for geological investigations and has been applied in numerous studies for lithological mapping and for mapping morphologically defined structures. We used both optical (Landsat 7 ETM?, ASTER) and microwave (JERS-1 SAR, SRTM) space-borne remote sensing data.
Landsat 7 ETM? is an optical imaging system with four bands (bands 1-4) in the visible and near infrared (VNIR) region of the electromagnetic spectrum with a spatial resolution of 30 m, two bands (bands 5-6) in the short wave infrared (SWIR) region with 30 m spatial resolution, one band (band 7) in the thermal infrared (TIR) region with 60 m spatial resolution, and one panchromatic band (band 8) with 15 m spatial resolution. Each Landsat 7 ETM? scene covers an area of 180 9 180 km. The Landsat ETM? images used in this study are all cloud-free level 1B data and cover southern Madagascar completely. A Landsat 7 ETM? false-color composite image mosaic was created from individual scenes using bands 7, 4, and 1 for the Red, Green, and Blue layers. The raster cell resolution is 30 m.
The Advanced Spaceborne Thermal Emission and Reflectance Radiometer (ASTER) is a high-resolution optical imaging system with 14 spectral bands in three separate subsystems: three bands (bands 1-3) in the VNIR with a spatial resolution of 15 m, six bands (bands 4-9) in the SWIR with 30 m spatial resolution and five bands (bands 10-14) in the TIR region with 90 m spatial resolution. Each ASTER scene covers an area of 60 9 60 km. The ASTER data used in this study are level 1B data and cover most of the Ranotsara zone. The ASTER data provide improved spatial and radiometric resolution and more spectral information content in comparison with Landsat ETM? data.
The Japanese Earth Resources Satellite (JERS-1) carried an L-band (23 cm) synthetic aperture radar (SAR) system operating with HH polarization. The radar system had a ground resolution of 18 m and covered a swath width of 75 km at a look angle of 35°. Individual JERS-1 SAR scenes were assembled into a mosaic that covered entire southern Madagascar.
The Shuttle Radar Topography Mission (SRTM) is a single-pass interferometric SAR system, which collected data aboard a Space Shuttle mission in February 2000. The technology permitted the computation of digital elevation models for about 80% of the Earth's surface. The SRTM data version 4 used in this study are digital elevation data with a spatial resolution of 90 m and were provided in 5°9 5°tiles (Reuter et al. 2007; Jarvis et al. 2008 ). These tiles were assembled into a mosaic covering southern Madagascar.
All remote sensing data are referenced to UTM Zone 38 South with WGS-84 datum. Remote sensing data were processed with Erdas Imagine Ò 9.2 software and used in conjunction with geographic information system software (ArcGis Ò 9.2) and GeoRover TM software. GeoRover TM is a software tool that enhances the geological mapping and interpretation process. It permits, for example, a multiple windows graphical user interface that allows visualisation of up to four different, georeferenced raster data sources.
Remote sensing analysis and field-based studies
The remote sensing data mentioned above were used to map structural features in the Ranotsara zone and surrounding areas. Landsat ETM? data were used to produce RedGreen-Blue (RGB) 7-4-1 false-color composite images for lithological discrimination and structural features. ASTER 8-4-2 and 3-2-1 (RGB) false-color composite images proved to be useful for structural and lithological mapping, whereas JERS-1 SAR images proved to be useful for structural mapping. The SRTM DEMs were useful for portraying drainage networks and for delineating structures.
In a first step, we extracted lineaments and interpreted them as foliations (tectonic and non-tectonic foliations) or fractures. In a second step, the separation in the two types of lineaments was verified in selected areas in the field and the nature of the foliations and fractures was determined wherever possible. Our main focus in the remote sensing analyses was on structural mapping (Figs. 4, 5 ) and less on producing lithological maps. By tracing foliations, it is possible to construct fold axial traces (Fig. 6) .
Foliation traces dominantly trend roughly N-S (Figs. 4,  6 ). However, there are regions in the investigated area where the foliations show important changes along strike or define different geometric patterns. In the region E of longitude 47°along the east coast the trend of the foliation in the basement changes from NNE-SSW trending in the north (i.e. at latitude of *21°S, east of Fianarantsoa) to NNW-SSE to NW-SE trending from 22°30 0 S on southwards (see also Raharimahefa and Kusky 2007) .
Another region where the foliation traces change their along-strike orientation is across the central segment of the Ranotsara zone (from about 50 km NW of Ihosy to the village of Ranotsara (Figs. 4, 6 ). Here, the overall N-S trend of the foliation traces is sinistrally deflected by about 30-40 km across the Ranotsara Zone. Within the central segment of the Ranotsara Zone the foliation traces strike NW-SE to NNW-SSE, whereas they curve back into a N-S orientation outside the zone.
Circular and elliptical shapes can be outlined in the region W and SW of Fianarantsoa extending as far south as the Ranotsara Zone. Figure 4b and c show a transitional domain between circular and elliptical shapes in the eastern part and more N-S striking foliation planes in the western part. Lithologically defined structures are clearly visible and can be traced over tens of kilometers. Large-scale folds with N-S trending axial planes can be distinguished. The circular and elliptical structures correspond to folded structures (see also next section), but also to intrusive bodies. Most of these intrusive bodies, however, also show evidence for large-scale folding about N-S fold axes.
Large kilometer-scale open-to-isoclinal folds are common throughout central and southern Madagascar. The fold axial traces essentially show the same pattern as the foliation traces and can clearly be followed across the northwestern and central segment of the Ranotsara Zone (Fig. 8) .
Interpreted fractures are shown in Fig. 5a overlain on a Landsat 7 ETM? mosaic. A detail of Fig. 5a is shown in the ASTER false-color composite images (R, G, B, = band 8, 4, and 2) of Fig. 5b and c. Differently oriented fracture sets can be identified, which are often geographically restricted. WNW-ESE fracture sets occur mostly in a N-S strip in the easternmost part of the basement, parallel to the east coast. E-W and NNW-SSE fracture sets dominate the (Fig. 5b, c) , whereas a NW-SE to NNW-SSE trending fracture set occurs (sub) parallel to the Ranotsara Zone. In the basement W and N of Fianarantsoa fracture sets are more variably oriented. The NW-SE to NNW-SSE fractures along the Ranotsara zone strike mostly parallel to ductile foliation planes (Fig. 6) .
Field studies have been done in large parts of the inset shown in Fig. 3 , with detailed studies focusing on the central segment of the Ranotsara Zone (i.e. in the area between the towns of Ihosy and Ranotsara) and adjacent regions on either side. Samples for apatite fission-track analysis were taken along two transects across the central and southeastern segment of the Ranotsara Zone (Fig. 3) .
The basement rocks consist predominantly of para-and orthogneisses and migmatites with minor occurrences of marbles, quartzites, and micaschists. The rocks have been intensely deformed at high-grade metamorphic conditions in latest Neoproterozoic/Cambrian times at c. 550-520 Ma (e.g., Andriamarofahatra et al. 1990; Kröner et al. 1996; Martelat et al. 2000; Giese 2009; Grégoire et al. 2009 ) and two major ductile deformation phases and a minor late phase of localized deformation can be distinguished. The oldest recognized deformation event (here referred to as the Andreaba phase) resulted in a high-grade tectonic foliation, which is generally parallel to lithological contacts. Isoclinal Andreaba phase folds have only been observed in a few outcrops. The parallelism of lithological layering and the Andreaba tectonic foliation suggests that transposition occurred during the Andreaba phase. In areas that have undergone little subsequent overprint, the Andreaba foliation is mostly gently W-dipping and may contain a W-E to WSW-ENE oriented lineation defined by aligned biotite and elongated quartz and feldspar. This lineation is especially well developed close to the tectonic contact between the SW Madagascar Block and the Antananarivo Block, north of the Ranotsara Zone (Giese 2009 ). Near Ankaramena, for example, W-dipping mylonites with WSW plunging lineations display high-temperature microstructures indicating ENE-ward directed Andreaba phase thrusting of the SW Madagascar Block on top of the Antananarivo Block (Giese 2009 ). The Andreaba phase is overprinted by a second major deformation event, the Ihosy phase.
The intensity of the Ihosy phase varied across centralsouthern Madagascar. It produced high-strain domains dominated by (sub)vertical foliation planes and intervening low-strain domains where the orientation of the dominant foliation is much more variable and generally dips less steeply (e.g. in the Antananarivo Block W and SW of Fianarantsoa). The low-strain domains generally comprise large coherent bodies of granitoid rocks, in contrast to the steep domains where metasedimentary rocks dominate and granitoid rock bodies are less frequent and generally smaller in size. In the following, low-and high-strain domains refer to Ihosy phase deformation at varying intensity.
The high-strain domains with subvertical foliation planes are more or less parallel and are oriented N-S, except along part of the Ranotsara Zone where they are deflected into a NW-SE orientation. The NW-SE striking high-strain zone will be discussed in more detail in the next section. In the N-S striking high-strain domains, isoclinal Ihosy phase folds with shallow N or S plunging fold hinges and a subvertical axial planar foliation are observed at various scales. The Ihosy foliation can then only be clearly distinguished from the Andreaba foliation in the fold hinges, whereas in the fold limbs transposition has occurred and the Andreaba foliation has become parallel to the Ihosy foliation. In zones of transposition, the Andreaba lineation can no longer be discerned. Shallow N or S plunging lineations marked by the alignment of minerals such as phlogopite and sillimanite or elongated minerals such as quartz and feldspar occur in the N-S striking high-strain zones. At several localities we observe shallow N or S plunging lineations that formed by the intersection of the Andreaba and Ihosy phase foliation and are parallel to the hinges of nearby Ihosy phase folds at all scales, including km-scale upright, isoclinal folds.
In the low-strain domains with more open, upright Ihosy phase folding, the dominant foliation is represented by the Andreaba foliation. Generally, no or only a weak axial planar Ihosy phase foliation is formed in the low-strain domains and consequently intersection lineations formed by the two tectonic foliations are lacking or are only weakly developed. The older Andreaba phase lineation is generally better preserved in low-strain domains. Ihosy phase fold axes mostly plunge shallowly to the N or S in the low-strain domains and the orientation of the Andreaba lineation varies depending on its location with respect to Ihosy phase fold hinges. Andreaba lineations plunge toward the WSW to SW on W-dipping Ihosy phase fold limbs and toward the NE on E-dipping Ihosy phase fold limbs.
Structures in the central segment of the Ranotsara Zone in the Ihosy-Ranotsara area Structures along and adjacent to the central segment of the Ranotsara Zone are shown in Fig. 7 . A high-strain domain with subvertical foliation planes striking N-S can be Pb evaporation age of 537 ± 5 Ma on an undeformed anatectic granite vein (Kröner et al. 1996 ; Sample Mad 66-4); (2) About 30 km ESE of Ihosy (22°29 0 415 S, 46°17
0 536 E), U-Pb zircon age of 534.6 ± 1.6 Ma on a crosscutting pegmatite (Müller 2000 ; Sample BM-3/B-97); (3) U-Th-Pb monazite age of 532 ± 5 Ma on a leucosome within an Analaliry phase shear zone, Sample JGI 199, 22°37 0 491 S, 46°10 0 396 E, (Giese 2009 ). Inset shows a stereographic projection of Analaliry phase shear zones (lower hemisphere projection) and the orientation of the inferred maximum (r 1 ) and minimum (r 3 ) principal stresses discerned north of the town of Ihosy (Zazafotsy shear zone of Martelat et al. 2000) . Near Ihosy, this high-strain domain gradually changes its strike to NW-SE and maintains this orientation until southwest of Ranotsara where it changes its orientation to become N-S again.
The NW-SE striking high-strain domain between the towns of Ihosy and Ranotsara forms the central segment of the Ranotsara Zone and has a width of about 15 km. Planar and linear structures in this part of the Ranotsara Zone are similar to those encountered in the N-S striking high-strain domains to the north and south. Isoclinal Ihosy phase fold hinges have NW or SE shallowly plunging fold axes and subvertical NW-SE striking axial planar foliations. Except in Ihosy phase fold hinges, the Andreaba foliation is transposed and in general, nearly parallel and indistinguishable from the Ihosy foliation. Shallow NW-or SE-plunging mineral and mineral elongation lineations are present on the steep foliation planes in the NW-SE striking high-strain zone. As in the N-S striking high-strain zones, we also observe lineations that are the result of the intersection of the Andreaba and Ihosy foliation planes and are parallel to Ihosy phase fold axes at all scales. It is important to note that no mylonitic foliation overprinting Ihosy phase structures is present in the NW-SE striking high-strain zone.
The trajectories of planar structures, such as lithology, tectonic foliation, and Ihosy phase fold axial traces can be clearly followed from north to south across the central segment of the Ranotsara Zone and are only sinistrally deflected (Figs. 7, 8) . Trajectories of the azimuths of Ihosy phase linear structures show the same deflection. Foliation trajectories indicate that the amount of deflection of the N-S striking foliations across the central segment of the Ranotsara Zone is about 35 km in an E-W direction.
Meter-scale shear zones containing leucosomes occur at several localities in the steep foliation domains in the Ihosy-Ranotsara region (Fig. 7) . These small-scale shear zones are subvertical and clearly crosscut Ihosy phase foliations (Fig. 9) , indicating that they are post-Ihosy. We refer to this minor deformation phase as the Analaliry phase. In several localities conjugate pairs of vertically oriented sinistral and dextral shear zones have been observed (Fig. 7) .
The Precambrian basement rocks in and around the Ranotsara Zone are affected by brittle faulting that is often subparallel to the gneissic foliation ( Fig. 6-8 ). Subvertical faults with subhorizontal slickenlines parallel to steep foliation planes in high-strain zones have been observed, e.g., in a quarry 2 km E of Ihosy. Steep normal faults with down-dip slickenlines occur close to the village of Ranotsara. At one locality along the Ranomena transect, a steep NW-dipping fault plane with shallow plunging slickenlines has been observed. Apatite fission-track analysis A previous apatite fission-track (AFT) study by Seward et al. (2004) revealed contrasting apparent ages across the central segment of the Ranotsara Zone between Ihosy and Ranotsara with apparent ages between 166 and 181 Ma directly to the south and apparent ages between 254 and 375 Ma to the north (Fig. 5) . Along this segment of the NW-SE trending Ranotsara Zone ductile foliations and brittle fractures strike mostly parallel (Fig. 7) . Seward et al. (2004) interpret the jump to younger ages south of the Ranotsara Zone as indicative of brittle reactivation of ductile foliation planes. We applied AFT analysis on basement samples taken along two transects across the Ranotsara Zone: the Ranotsara and Ranomena transect (see Fig. 3 for location) . The main aim of the AFT study was to investigate the lowtemperature thermochronological evolution of the exhuming Precambrian/Cambrian basement across the Ranotsara Zone and in particular to determine whether a jump in ages also occurs across the southeastern segment of the Ranotsara Zone. Details on sample preparation, etching, irradiation, and fission-track measurement techniques are given in Giese (2009) . The results are shown in Table 1 and Fig. 10 . Ages are reported as central ages (Galbraith and Laslett 1993) .
Unfortunately, only one sample along the Ranotsara transect (JG 83, a garnet-gneiss) proved to be suitable for AFT dating (Fig. 7) . This sample is taken just south of a prominent NW-SE striking brittle fault that separates Precambrian basement rocks from Neogene sediments of the Ranotsara plain. The apparent AFT age of 142 Ma corresponds closely to AFT ages obtained on basement samples in the same structural position (Seward et al. 2004) .
Three samples along the Ranomena transect (JGI 004, JGI 006 and JGI 021) could be used for AFT dating and yield apparent AFT ages between 223 and 262 Ma (Fig. 5) . The apparent ages of samples overlap within error and suggest that the apatite fission track method is either not able to resolve relative vertical movements along brittle faults in the region or that brittle faults are absent. Faults are rarely observed along the Ranomena transect, but this might be related to the poor outcrop in an area largely covered by either primary rainforest or secondary vegetation. The one steep fault that was observed, strikes at right angles to the trend of the Ranotsara Zone. Remote sensing analysis suggests that major NW-SE striking faults are absent along this part of the Ranotsara Zone and that the NW-SE striking brittle faults along the central segment of the Ranotsara Zone do not extend all the way to the southeast coast (Figs. 5, 6 ). Rho D represents the standard track density, Rho S and Rho I represent spontaneous and induced track densities, respectively. C-axis equivalent track length conversion after Donelick et al. (1999) ,
) probability according to Green (1981) . Ages are presented as central ages with a 2r error (Galbraith and Laslett 1993) . Zeta = 329 ± 20 for CN5 (JG)
Discussion
Remote sensing and field studies in the basement rocks of central-southern Madagascar provide evidence for two major phases of ductile deformation (Andreaba and Ihosy phase), followed by a minor phase of localized deformation resulting in small-scale shear zones (Analaliry phase). The ductile deformation is subsequently overprinted by brittle deformation. The combined effects of the pronounced ductile deflection across the central segment of the Ranotsara Zone and brittle faulting along most of its length resulted in an overall NW-SE linear zone across the basement of southern Madagascar (Fig. 11) .
Ductile deformation
The two major phases of ductile deformation in centralsouthern Madagascar were already recognized previously by Martelat et al. (2000) and Grégoire et al. (2009) . Our Andreaba and Ihosy phase correspond to their D1 and D2, respectively. From the orientation of vertical, conjugate shear zones of the small-scale and localized Analaliry phase a regional E-W to ENE-WSW directed shortening can be deduced. The overall N-S trend of Ihosy phase folds with subvertical axial planes north and south of the Ranotsara zone indicates that the regional shortening direction during the Ihosy phase had the same orientation. The small-scale Analaliry phase shear zones seem restricted to the steep foliation domains, which contain upright, isoclinal Ihosy phase folds. We therefore propose that E-W shortening during the Ihosy phase resulted in isoclinal, upright folding and once folds locked up, additional shortening resulted in local and small-scale vertical shear zones of the Analaliry phase crosscutting the steep foliation planes. Thus, the Ihosy and Analaliry phase might be part of a progressive deformation, with the Analaliry phase recording the final ductile deformation. Leucosomes that crystallized along small-scale shear zones of the Analaliry phase have been dated at 532 ± 5 Ma (U-Th-Pb monazite, Giese 2009) providing a lower Fig. 11 Simplified structural map showing the composite nature of the Ranotsara Zone consisting of a ductile flexure along its central segment and brittle faulting along most of its length. Blue lines are fold axial traces of large-scale Ihosy phase folds, and red lines are brittle faults. The overall NW-SE orientation of the Ranotsara Zone is accentuated by foliation traces adjacent to the contact between the Antananarivo Block and the Southwest Madagascar Block near the southeast coast age limit for the Ihosy and Andreaba phase. This age is in good agreement with age data by Kröner et al. (1996) , who reported a 207 Pb/ 206 Pb evaporation age of 537 ± 5 Ma for an unfoliated, fine-grained granite vein crosscutting the foliation from a quarry 2 km E of Ihosy and by Müller (2000) , who gave a U-Pb zircon age of 527 ± 2.5 Ma for an undeformed granitic dyke from the same quarry and a U-Pb zircon age of 534.6 ± 1.6 Ma for an undeformed coarse-grained granitic rock, which crosscuts the foliation in the Ranotsara Zone about 20 km ESE of Ihosy (Fig. 7) . U-Pb monazite and zircon analysis by Andriamarofahatra et al. (1990) on an undeformed granodiorite from the quarry E of Ihosy yielded a slightly older age of 561 ± 12 Ma.
Excluding the minor Analaliry phase, the finite ductile strain in central-southern Madagascar resulted from the superposition of two major deformation phases. The shape of the finite strain ellipsoid and thus the orientations of tectonic foliations and lineations depend on the history of the two deformation phases. During the Andreaba phase, a subhorizontal tectonic foliation with a subhorizontal lineation formed, probably as a result of shearing with a significant non-coaxial component and vertical flattening. This subhorizontal foliation was overprinted by progressive E-W directed coaxial shortening during the Ihosy phase, producing low-strain zones with upright, open folds and high-strain zones with upright, isoclinal folds and a subvertical axial planar foliation. Ramsay and Huber (1983) show that second-phase progressive horizontal shortening of a first-phase horizontal foliation formed by flattening deformation may result in the development of complex linear fabrics. Progressive horizontal shortening during the second phase forms a new vertical tectonic foliation, which is axial planar to upright folds and is at right angles to the initial horizontal orientation of the first-phase foliation. The intersection of the two foliations produces subhorizontal intersection lineations that are parallel to the hinge lines of second phase folds. Depending on the strain intensity, the progressive horizontal shortening may even produce subhorizontal elongation lineations that may be parallel to the intersection lineations and parallel to the hinges of second-phase folds (Ramsay and Huber 1983) . The fact that Ihosy phase intersection lineations, elongation lineations, and fold axes in the N-S striking high-strain domains of central-southern Madagascar are generally subparallel and shallowly plunging indicates that they formed as the result of the superposition of two major deformation phases (Andreaba and Ihosy phase), whose axial planes were initially intersecting at nearly right angles. Thus, we emphasize that the Ihosy phase subhorizontal lineations in the steep highstrain zones cannot be used to infer a tectonic transport direction.
Lithologies, Ihosy phase foliation and lineation trajectories, and fold axial traces can be clearly traced from north to south across the central segment of the Ranotsara Zone, where they are deflected by about 35 km in E-W direction. The continuation of lithological units across the central and also the northwestern segment of the Ranotsara Zone was already established by earlier workers (e.g. Besairie 1964; Bazot et al. 1971; Bazot 1975; Hottin 1976) , definitely excluding an interpretation of the Ranotsara Zone as a terrane boundary.
The steep N-S striking high-strain zones with shallow N or S plunging Ihosy phase lineations are gradually deflected into the central segment of the Ranotsara Zone, where the steep foliation planes strike NW-SE and the Ihosy phase lineations plunge shallowly to the NW or SE. This gradual change in azimuth of foliations and lineations and the absence of a NW-SE striking mylonitic foliation overprinting the Ihosy phase indicate that the deflection zone along the central segment of the Ranotsara Zone cannot be interpreted as a NW-SE striking strike-slip shear zone as previously suggested (e.g. Martelat et al. 2000; Müller 2000) .
The remote sensing analysis shows that Ihosy phase strain is heterogeneously distributed throughout central and southern Madagascar. Regions with open Ihosy phase folding and dome-and-basin like structures dominate in the Antananarivo Block, which contains a significant proportion of large granitoid bodies. In contrast, regions with steep foliation domains are common within the predominantly metasedimentary sequences of the SW Madagascar Block. This suggests that the development of regional strain gradients was related to differences in dominant rock type between the different blocks. The more competent, granitoid rocks of the Antananarivo Block would deform less easily than the less competent, predominantly metasedimentary sequences of the SW Madagascar Block. We therefore speculate that the deflection along the central part of the Ranotsara Zone is related to indentation of the Antananarivo Block into the SW Madagascar Block during E-W shortening associated with the East African Orogeny.
Two scenarios can be invoked to explain the geometry of the NW-SE striking deflection zone. In a first scenario, the western paleomargin of the Antananarivo Block is assumed to strike N-S prior to the Ihosy phase of deformation. Indentation of the Antananarivo Block during the Ihosy phase is associated with a progressive decrease in E-W directed shortening from N to S resulting in a passive rotation of Ihosy phase structures about a vertical axis and the formation of the deflection zone. In this scenario, the laterally varying shortening results in a vertical shear couple with E-W oriented shear zone boundaries at the N and S margins of the deflection zone. As the deflection of N-S striking foliations across the Ranotsara Zone amounts to 35 km and the width of the deflection zone normal to the boundaries is 50 km, the shear strain related to this sinistral strike-slip shearing would be low, i.e., 0.7, and the deflection zone could be considered as the result of an incipient E-W striking shear zone. In a second scenario, the western paleomargin of the southern Antananarivo Block changes its overall strike from N-S to NW-SE at the latitude of the future deflection zone. Indentation of the Antananarivo Block during the Ihosy phase associated with laterally uniform E-W directed shortening would then result in the formation of the NW-SE striking deflection zone in the units of the SW Madagascar block. We favor the second scenario as the zone with competent granitoid intrusions in the Antananarivo block changes its overall trend from N-S to NW-SE at the latitude of the deflection zone.
Although deflection of Ihosy phase foliations suggests that the deflection zone formed syn-to late Ihosy phase, it cannot be excluded that indentation of the Antananarivo Block and initiation of the deflection zone already commenced earlier during the Andreaba phase. E-W to NE-SW oriented Andreaba phase elongation lineations can often be observed on the Andreaba foliation (e.g. Martelat et al. 2000; Giese 2009; Grégoire et al. 2009 ). North of the Ranotsara Zone, this lineation is especially prominent near the tectonic contact between Antananarivo Block and units of the SW Madagascar Block to the west (e.g. Itremo Group, Amborompotsy-Ikalamavony Group) and is interpreted as a tectonic transport direction (Fernandez and Schreurs 2003; Nédélec et al. 2003; Giese 2009 ). We propose that the three ductile deformation phases recognized in the investigated area are the result of progressive, approximately E-W oriented shortening during the East African Orogeny in latest Neoproterozoic/early Cambrian times (c. 550-530/520 Ma; Fig. 12 ). During the Andreaba phase, units of the SW Madagascar Block are imbricated and superposed on the Antananarivo Block (Giese 2009 ). Progressive shortening during the Ihosy phase resulted in upright N-S trending refolding of Andreaba phase folds, folding of tectonic contacts, and-confined to steep foliation domainstransposition of Andreaba phase folds and formation of upright, isoclinal folds with axial planar foliations. Once isoclinal folds locked up, local and small-scale (conjugate) shear zones of the Analaliry phase developed sealing the ductile deformation. Brittle deformation Brittle faults and ductile foliation planes in the Ranotsara Zone often strike parallel indicating that brittle deformation preferentially reactivated zones of weakness represented by the strongly foliated ductile domains. Along the central segment of the Ranotsara Zone, brittle faults separate the Precambrian/Cambrian basement to the southwest from lower-lying, poorly consolidated alluvial and lake sediments (Besairie 1949a, b, c) of the Ranotsara plain to the northeast. NW-SE striking brittle faulting occurred along most of the Ranotsara Zone. A major NW-SE striking fault extending from 15 km NW of the village of Ranotsara to Midongy Sud had already been recognized during reconnaissance mapping of the region (Rakotondramazava et al. 1945; Besairie 1949a, b, c; Besairie et al. 1949a, b, c) . Our remote sensing analysis suggests that faulting parallel to the Ranotsara Zone does not extend all the way to the southeast coast. Apatite fission track analysis across the Ranomena transect also does not provide evidence for brittle faulting along the southeastern end of the Ranotsara Zone.
The age of the onset of brittle faulting along the Ranotsara zone is poorly constrained. The sediments of the Ranotsara plain could give clues on the age of faulting, as their deposition is most likely fault-controlled. Little is known, however, about their age and thickness. Besairie (1964 Besairie ( , 1969 Besairie ( /1970 and Hottin (1976) inferred a Neogene and Plio-Quaternary age for these sediments, respectively. Eight shallow drill holes in the central parts of the Ranotsara plain are marked on the 1:100 000 geological maps Sahambano (Razafimanantsoa et al. 1972 ), Ihosy Nord (Randriamanantena et al. 1972 and Bedabo (Rakotonanahary et al. 1972) . Four drill holes with a maximum depth of 48 m did not reach the basement, whereas four other drill holes with a depth between 18.3 and 50 m did penetrate the basement underlying the sediments of the Ranotsara plain (Fig. 13) . These data point to a limited thickness of the sediments underlying the Ranotsara plain. This would then be in contrast with the interpretation of Emmel et al. (2004 Emmel et al. ( , 2006 , who suggest on the basis of titanite and apatite fission-track data that an important, fault-controlled Karroo basin underlies the Ranotsara plain.
The prominent morphological expression associated with the NW-SE striking fault separating the gneisses from lower-lying alluvial sediments of the Ranotsara plain along the central segment of the Ranotsara Zone indicates that faulting is quite recent or even ongoing. Recent or active faulting is also suggested by the drainage pattern as noted earlier by Besairie (1949a) and Seward et al. (2004) . The drainage pattern shows a marked bend in the course of the Sahambano, Ionaivo, and Itomampy rivers (Fig. 13) . These three major rivers previously drained into the Mozambique Channel, but faulting along the Ranotsara Zone resulted in their capture by the Menarahaka and Mananara rivers flowing to the SE and draining into the Indian Ocean. Although morphology and drainage pattern point to recent Outline of Neogene sediments in the Ranotsara plain (transparent overlay) after 1:100 000 geological maps of the 1960s and 1970s. Rivers draining into the Mozambique Channel are drawn in black, and rivers draining into the Indian Ocean are drawn in blue. AFT sample locations along Ranomena transect are indicated in purple. b Detail of the fault and drainage pattern in the Ihosy-Ranotsara area. Yellow dots indicate drill holes that penetrated into the crystalline basement, whereas white dots indicate drill holes that did not encounter the basement. Final depth of drill hole is given in meters or active faulting, brittle activity probably occurred already earlier during breakup of Gondwana in the Phanerozoic as suggested by apatite fission-track data (Seward et al. 2004; Emmel et al. 2004 ).
Conclusions
Our remote sensing and field-based studies of southern Madagascar indicate that what formerly has been referred to as the Ranotsara shear zone is neither a major terrane boundary nor a megascale, intra-crustal strike-slip shear zone. It can therefore not be used as a piercing point in Gondwana reconstructions. Our results show that it is a composite structure, referred to by us as the Ranotsara Zone, consisting of a high-grade ductile deflection zone restricted to its central segment and NW-SE oriented lowgrade brittle faulting along most of its length. The ductile component of the Ranotsara Zone developed during the East African Orogeny in latest Neoproterozoic/Cambrian times, whereas the brittle component formed during exhumation and extension in Phanerozoic times. The ductile deflection zone across the central segment of the Ranotsara Zone is interpreted as the result of indentation of the more competent Antananarivo Block into the less competent, predominantly Proterozoic metasedimentary rocks of the SW Madagascar Block during E-W to ENE-WSW (present-day coordinates) shortening related to the East African Orogeny.
